Hepatic steatosis (also termed as fatty liver, HS) represents a pathological state characterized by excessive intracellular accumulation of lipids, especially triglycerides and other fatty acids in the liver resulting from an imbalance between the uptake of fat and its oxidation and export. Further studies have reported that overwhelming concentration of free fatty acids (FFAs) induces inflammation in liver tissue[@b1] and causes disruption of endoplasmic reticulum (ER) homeostasis, often termed as ER stress, which can trigger HS[@b2]. HS can progress to non-alcoholic steatohepatitis (NASH) or non-alcoholic fatty liver disease (NAFLD) and finally to liver cirrhosis[@b3]. HS distorts the structure of the liver and impairs its function, but usually without accompanying symptoms except fatigue and discomfort in the abdominal region[@b4]. The incidence of HS has shown an alarming increase each year and is currently recognized as the most common liver disease worldwide[@b5]. Clinical studies have indicated that HS has a significant association with metabolic disease including obesity, hyperlipidemia, and type 2 diabetes[@b6]. Accumulating evidence suggests that NAFLD can predict the development of diabetes and vice versa and that each condition serves as a progression factor for the other[@b7].

Adipokines include adiponectin, resistin, adipsin, adiponutrin, retinol-binding protein (RBP), insulin-like growth factor-1 (IGF-1) etc[@b8]. Emerging evidence indicates that the levels of some adipokines correlate with specific metabolic states can directly influence the metabolic homeostasis of the system[@b9]. Several clinical observations reveal a link between adiponectin level and obesity-related metabolic dysfunction[@b10], and association of dysregulation of adipokines with obesity, type 2 diabetes, and hypertension[@b9] has been reported.

Leptin, a major adipokine secreted primarily from maturated adipocytes, plays a key role in regulation of food intake, energy expenditure, and neuroendocrine function[@b11]. This protein exerts its effects by interacting with the long form of the leptin receptor, Ob-Rb. Several lines of evidence suggest that leptin may be an important factor linking obesity, metabolic syndrome, and cardiovascular disorders[@b12]. This adipokine plays key roles in lipid homeostasis by modulating p-*acetyl-CoA carboxylase* (ACC)/p-AMP-activated protein kinase (AMPK) signaling pathways[@b13]. Leptin has also been shown to inhibit insulin stimulated fatty acid uptake in differentiated 3T3-L1 murine adipocyte[@b14]. It reduces food intake and increases energy consumption by acting on specific hypothalamic nuclei, inducing anorexigenic factors and counteracting the effect of orexigenic neuropeptides[@b10]. Furthermore, based on emerging reports, the attenuating effect of leptin on HS has become more evident[@b15].

SJH (*Samjunghwan*), a popular herbal medicinal formula in Korea, consists of three medicinal herbs, Atractylodes rhizome, Lycii Radicis Cortex, and Mori Fructus. This formulation has long been used as an anti-aging therapeutic agent[@b16]. Recent *in vitro* and *in vivo* studies have reported a number of beneficial effects of SJH or its fermented products including neuroprotective[@b17], anti-oxidant[@b18], and anti-obesity[@b19] properties, and several studies have shown a beneficial effect of *Mori fructus*, the major constituent of SJH, on obesity and related complications[@b20][@b21]. *In vitro* and *in vivo* studies have found that *Mori fructus* exerts hypolipidemic effects through the modulation of lipid homeostasis[@b22].

In the current study, we prepared a modified SJH (mSJH) formulation by altering the herbal composition and extraction method of conventional SJH with the aim of improving its beneficial pharmacological properties. Using a human hepatocellular *in vitro*[@b23] and a high-fat diet (HFD)-induced mouse *in vivo* steatosis models with advanced molecular tools for gene and protein expression analyses, we attempted to determine whether mSJH could alleviate HS, and if so what are the probable underlying molecular mechanisms. Our results indicate that mSJH prevents hepatic steatosis by increasing leptin expression level and thereby activating lipid metabolism pathways.

Results
=======

UPLC-MS analyses of mSJH and its components
-------------------------------------------

For profiling the major molecular ingredients of the proposed herbal preparation, UPLC-MS analyses of mSJH and its components, Morus Fructus, Lycii Radicis Cortex, and Atractylodes Rhizoma were performed ([Fig. S1](#S1){ref-type="supplementary-material"}). By comparing the protonated molecular ion peaks appearing in UPLC-MS chromatograms with the molecular weights of the known compounds present in these three plant materials, cyanidin-3-*O*-rutinoside (Morus Fructus), betaine (Lycii Radicis Cortex), kukoamine A (Lycii Radicis Cortex), atractylodin (Atractylodes Rhizoma), and atractylenolide II (Atractylodes Rhizoma) were tentatively identified.

mSJH did not affect HepG2 cell proliferation at experimental concentrations.
----------------------------------------------------------------------------

Prior to examining the anti-obesity impact of mSJH extract, its cytotoxicity was evaluated in human hepatoma HepG2 cells used as a model in our study. No cytotoxicity was produced by exposure of the cells to mSJH alone up to a concentration of 400 μg/ml for 24 h ([Fig. S2A](#S1){ref-type="supplementary-material"}). Also, no adverse effect of mSJH was observed on the cells when applied at concentrations ranging from 50--400 μg/ml in combination with 2 mM FFAs ([Fig. S2B](#S1){ref-type="supplementary-material"}).

Antioxidant activities and inhibitory effect of mSJH on nitric oxide (NO) production
------------------------------------------------------------------------------------

Antioxidant effect of mSJH was examined in terms of its 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity using butylated hydroxytoluene as a positive control, and the impact of mSJH on H~2~O~2~-induced intracellular reactive oxygen species (ROS) production was also evaluated. Our results demonstrated an inhibitory activity of mSJH on DPPH, causing 22% suppression of this radical at 250 μg/ml concentration ([Fig. S3A](#S1){ref-type="supplementary-material"}). In parallel, significant inhibition in the intracellular ROS generation was also observed in H~2~O~2~-induced cells co-treated with mSJH at 100, 200, or 400 μg/ml ([Fig. S3B](#S1){ref-type="supplementary-material"}). Results of further analyses of the composition of mSJH showed total phenolic, flavonoid and tannin contents of 17.20, 26.51, and 13.84 mg/g, respectively ([Fig. S3C](#S1){ref-type="supplementary-material"}).

An exposure of cells to 2 mM FFAs for 48 h resulted in a marked increase in the NO production. Co-treatment of cells with mSJH caused significant inhibition of FFAs-induced NO production in a concentration-dependent manner ([Fig. S3D](#S1){ref-type="supplementary-material"}).

mSJH alleviated FFAs-induced lipid accumulation in the cell model of hepatic steatosis
--------------------------------------------------------------------------------------

Treatment of HepG2 cells with FFAs resulted in a significant increase in lipid accumulation (114%) as evident by Oil Red O staining ([Fig. 1A,B](#f1){ref-type="fig"}). Co-treatment of FFAs-induced cells with mSJH resulted in significantly reduced intracellular lipid deposition in a concentration-dependent manner at 100, 200, and 400 μg/ml. The lipid level of the FFAs-treated cells was decreased by 22% when co-exposed to 400 μg/ml mSJH.

In keeping with the augmented intracellular lipid accumulation, FFAs treatment increased the levels of TG and TC in the cells ([Fig. 1C,D](#f1){ref-type="fig"}). Exposure of FFAs-induced cells to mSJH resulted in significantly reduced levels of both lipids in a concentration-dependent manner.

mSJH modulates gene expression related to lipid metabolism
----------------------------------------------------------

To understand the molecular mechanism of action of mSJH against FFAs-induced lipid accumulation in HepG2 cells, PCR microarray was performed for analysis of the expression of vital genes involved in lipoprotein signaling and cholesterol metabolism ([Fig. 2A,B](#f2){ref-type="fig"}). Our results based on heat map combined with hierarchical clustering analysis showed that the clustering of these genes in the normal group is separated from the other three groups, albeit mostly relevant to the FFAs + pravastatin group while the gene expression profile of the FFAs + mSJH group is similar to that of the FFAs-induced group.

Among the 89 genes analyzed by PCR array, 14 genes were upregulated (≧2 times) and 3 genes were downregulated (≦0.5 times) in the FFAs + mSJH-treated group compared with the FFAs-induced group. Among these upregulated genes, 8 genes were categorized as the SJH- predominant group (≧2 times higher expression than FFAs + pravastatin group) where the level of expressions of leptin (LEP) and small heterodimer partner (NR0B2) genes were recovered to almost that of the normal group.

mSJH regulates the key components of lipogenesis and lipid metabolic pathways
-----------------------------------------------------------------------------

The PCR array data showed that co-exposure of FFAs-treated cells to mSJH and pravastatin resulted in increased expression of the AMPKa1 (PRKAA1) gene by 22% and 54%, respectively, and decreased expression of SREBP (SREBF1) by 18% and 25%, respectively ([Fig. 2A](#f2){ref-type="fig"}). Results of Western blotting analyses showed that co-treatment of FFAs-induced cells with mSJH result in significantly increased phosphorylation of AMPK by 66% and 58% at 200 and 400 μg/ml concentrations, respectively ([Fig. 3A](#f3){ref-type="fig"}) and phosphorylation of ACC in FFAs-treated cells was significantly increased by 68% and 66% when exposed to 400 μg/ml of mSJH and 50 μg/ml of pravastatin, respectively ([Fig. 3B](#f3){ref-type="fig"}).

Protein expression of both SREBP1c and CCAAT/Enhancer Binding Protein α (C/EBPα) in FFAs-induced cells were significantly inhibited by mSJH at 200 and 400 μg/ml concentrations and 50 μg/ml of pravastatin ([Fig. 3C](#f3){ref-type="fig"}). The level of carnitine palmitoyltransferase-1α (CPT1α) in FFAs-treated cells remained unchanged when co-treated with 100 and 200 μg/ml of mSJH and 50 μg/ml of pravastatin, but significantly increased when co-exposed to 400 μg/ml of mSJH ([Fig. 3C](#f3){ref-type="fig"}) while the expression of peroxisome proliferator-activated receptor (PPAR)-γ was significantly decreased in FFAs-induced cells by co-treatment with 400 μg/ml of mSJH and 50 μg/ml of pravastatin ([Fig. 3C](#f3){ref-type="fig"}).

mSJH modulates the gene and protein expression of leptin
--------------------------------------------------------

The PCR array data showed that expression of leptin gene was decreased by 73% in FFAs-induced cells ([Fig. 2A](#f2){ref-type="fig"}). However, co-exposure of FFAs-treated cells to mSJH recovered the expression level of leptin to almost the normal level (198% increase vs FFAs group). Accordingly, real-time PCR and Western blotting were performed in order to further confirm this finding on leptin gene expression.

The quantitative real-time PCR data showed that co-treatment of FFAs-induced cells with mSJH at 400 μg/ml resulted in significantly increased expression of the leptin gene ([Fig. 4C](#f4){ref-type="fig"}). This was further supported by the Western blotting data which showed that the protein expression of leptin in FFAs-treated cells was significantly augmented upon co-treatment with mSJH at 200 and 400 μg/ml concentrations ([Fig. 4B](#f4){ref-type="fig"}).

mSJH exerts its effectiveness through leptin signaling pathway
--------------------------------------------------------------

Western blot analysis demonstrated marked reduction of leptin level in HepG2 cells in response to the treatment with dexamethasone at 3, 6, 12, 24 h (corresponding to 83%, 80%, 86%, and 41% decreases, respectively vs. 0 h) ([Fig. S4A](#S1){ref-type="supplementary-material"}). Additionally, pretreatment of cells with dexamethasone (30 min) strongly inhibited mSJH-induced expression of leptin ([Fig. S4B](#S1){ref-type="supplementary-material"}). In parallel, the extent of mSJH-induced phosphorylation of AMPK in the cells was decreased abruptly upon co-exposure to dexamethasone ([Fig. S4C](#S1){ref-type="supplementary-material"}). Furthermore, Oil Red O staining results revealed that the inhibitory effect of mSJH on lipid accumulation in cells was diminished in response to dexamethasone pretreatment (30 min) ([Fig. 4D](#f4){ref-type="fig"}).

mSJH attenuates weights of body, liver and intestinal fat, and improved vital hepatic and serum lipid parameters and enzymatic activities in HFD-fed mice
---------------------------------------------------------------------------------------------------------------------------------------------------------

As expected, at the termination of experimental duration (10th week), the body weight of HFD group was significantly higher compared to that of ND group. The liver weight as well as the intestinal and testicular fat weights was also significantly greater in HFD-fed mice vs ND-fed mice. However, an exposure of HFD-fed animals to either lower dose (LD group) or higher dose (HD group) of mSJH significantly decreased both the body and liver weights. The total food efficiency ratio (FER) was also higher in HFD-group compared to ND group. Treatment of HFD group with either higher or lower doses of mSJH exerted a negative impact on the FER as well as intestinal and testicular fat weights ([Fig. 5A](#f5){ref-type="fig"}).

Both hepatic and serum TG and TC levels as well as serum GOT and GPT activities were significantly higher in HFD group compared to ND group. However, an exposure of HFD-fed animals to the higher dose of mSJH significantly decreased all of these parameters ([Figs 5B,C,E,F](#f5){ref-type="fig"} and [6A,B](#f6){ref-type="fig"}). The oxidized lipid content of the liver was significantly greater in HFD group vs ND group. Treatment of HFD-fed animals with both higher and lower doses of mSJH significantly decreased the hepatic oxidized lipid content ([Fig. 5D](#f5){ref-type="fig"}). While, the serum HDL level of HFD-fed mice increased significantly in response to the treatment with higher dose of mSJH ([Fig. 6C](#f6){ref-type="fig"}).

mSJH alleviates blood glucose level in HFD-fed mice
---------------------------------------------------

Our OGTT test demonstrated significantly higher levels of blood glucose in HFD group compared to ND group at every time points (0, 30, 60, 90 min) of measurement ([Fig. 6D](#f6){ref-type="fig"}). However, the glucose clearance rate was significantly improved in HFD-fed animals at all measurement time points in response to the treatment with both lower and higher doses of mSJH (p \< 0.05, 30, 60, 90, 120 min; except for the lower dose at 90 min).

Effect of mSJH on fecal lipid contents in HFD-fed mice
------------------------------------------------------

Treatment with both lower and higher doses of mSJH significantly elevated the fecal bile acid content in HFD group. While the fecal TG content of HFD-fed animals was significantly increased upon an exposure to higher dose of mSJH ([Fig. 6F](#f6){ref-type="fig"}). However, both the lower and higher doses of mSJH did not produce any significant effect on the fecal TC content of HFD group ([Fig. 6G](#f6){ref-type="fig"}).

Histological analysis of mice liver
-----------------------------------

Hematoxylin & Eosin staining of the liver tissue sections revealed extensive hepatic deposition of fat droplets in HFD group in the form of unstained microvacuoles. This was further supported by the Oil Red O staining of the tissue sections. However, treatment of HFD-fed animals with both lower and higher doses of mSJH markedly reduced the hepatic fat accumulation ([Fig. 7A](#f7){ref-type="fig"}).

mSJH modulates the expression of genes or proteins related to lipid metabolism in mice liver
--------------------------------------------------------------------------------------------

The hepatic gene expressions of fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC), the enzymes involved in cholesterol and fatty acid synthesis, were significantly higher in HD group compared to ND group ([Fig. 8A](#f8){ref-type="fig"}). However, the expressions of FAS and ACC genes were significantly decreased in HFD-fed animals when exposed to the higher and lower doses of mSJH, respectively. While the gene expressions of carnitine palmitoyl transferase 1α (CPT1α) and AMP-activated protein kinase α (AMPKα), the crucial enzymes in fatty acid metabolism (β-oxidation); the proteins related to cholesterol transport and uptake (LDLR, SR-B1, APOA, ABCA); and the enzymes participating in the rate-limiting steps of bile acid synthesis were lower in HFD group compared to ND group. The expressions of all of these genes in the liver of HFD-fed animals were increased in response to the treatment with both lower and higher doses of mSJH (except for the effect of lower dose on CYP7A1gene expression).

Our Western blotting results demonstrated higher expression level of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCoAR) in the liver of HFD group compared to ND group (42% increase). However, treatment of HFD-fed rats with mSJH reduced the expression of this enzyme (33% and 35% decreases vs. ND group at lower and higher doses, respectively). While an exposure of HFD-fed animals to mSJH elevated the hepatic expression of CPT1α (551% and 480% increases vs. ND group at lower and higher doses, respectively). The hepatic level of phosphorylated-ACC (p-ACC) was lower in the liver of HFD group compared to ND group (67% decrease). However, the level of p-ACC in HFD-fed mice was increased in response to the treatment with both lower and higher doses of mSJH.

Effect of betaine, a constituent of mSJH, on the lipid accumulation and expression of genes related to fatty acid metabolism
----------------------------------------------------------------------------------------------------------------------------

To further understand the underlying molecular mechanism(s) of action of mSJH against HS, the impact of this herbal formulation and its potent bioactive compound betaine on the lipid deposition and expression of genes that are involved in lipid metabolism was investigated using FFAs-induced HepG2 cells as a model. There was no adverse impact of betaine on the cell viability up to 60 μM of concentration ([Fig. S6A](#S1){ref-type="supplementary-material"}). Treatment with 20, 40, and 60 μM of betaine significantly decreased the lipid accumulation in FFAs-treated cells as demonstrated by Oil Red O staining ([Fig. S6B](#S1){ref-type="supplementary-material"}). Exposure of the FFAs-induced cells to both 20 and 60 μM of betaine markedly elevated the p-AMPK (271% and 576% increases, respectively) and CPT1α (659% and 956% increases, respectively) levels, quite comparable to the effects of 400 μM mSJH.

Discussion
==========

In the present study, the impact of mSJH on HS was examined through a series of *in vitro* and *vivo* experiments using human hepatocellular carcinoma cell line (HepG2) and HFD-fed mice models[@b23][@b24][@b25]. HepG2 cells were induced by a mixture of oleic and palmitic acids as these two fatty acids represent the most abundant components of hepatic triglyceride pool in both normal subjects and patients suffering from NAFLD[@b26]. In a previous study, treatment of HepG2 cells with a combination of oleic and palmitic acids at a certain ratio induced efficient intracellular lipid accumulation with the triglyceride content comparable to that found in human liver with steatosis[@b23]. In agreement with this, we found that exposure of HepG2 cells to a mixture of oleic and palmitic acids (FFAs) at a ratio of 2:1 (w/w) for 24 h resulted in significantly increased intracellular fat accumulation (114% augmentation vs untreated). Concomitantly, intracellular TC and TG levels were also significantly augmented in FFAs-treated cells compared to untreated. Furthermore, an earlier study reported the pathophysiological and metabolomic alterations associated with NAFLD development in a C57BL/6J mouse model in which NAFLD was induced by feeding a HFD for 4, 8, 12, and 16 weeks[@b24]. Besides, mice fed a HFD showed similar metabolic features observed in human NASH with obesity, impaired glucose tolerance, insulin resistance, dyslipidemia and augmented expression of regulators of lipogenesis and proinflammatory cytokines[@b25]. In keeping with these, we found that the feeding c57BL/6J mice with HFD for 10 weeks resulted in significant increases in the liver weight, hepatic fat deposition, liver and serum contents of TG and TC, and oxidized hepatic lipid content, as well as the activities of hepatic GOT and GPT, the key characteristics of NAFLD. Further, histological analyses of liver suggested hepatic fatty degeneration in HFD group.

Obesity and dyslipidemia are among the factors playing a key role in the onset and development of NAFLD[@b27]. Emerging evidence based on *in vitro* and *in vivo* experiments support the anti-obesity and hypolipidemic activities of SJH or its ingredients[@b19][@b20][@b21]. In agreement with these, our *in vitro* results showed that the lipid accumulation and the content of TC and TG in FFAs-induced cells were significantly suppressed by mSJH treatment in a concentration-dependent manner. In parallel, our *in vivo* study demonstrated that the weight, lipid deposition, contents of TC and TG, and activities of GOT and GPT in the liver of HFD-fed mice were attenuated by mSJH treatment in a dose-dependent manner. The histological analyses of liver tissues further revealed that mSJH prevented hepatic degenerative changes induced by feeding HFD. Moreover, treatment of HFD-fed mice with both lower and higher doses of mSJH significantly increased the fecal bile acid content. Bile acid in normally-functioned-liver acts as a primary pathway for cholesterol catabolism[@b28] and major cholesterol-scavenging mechanism[@b29][@b30]. A previous study showed an increase in the bile acid excretion in the feces of HFD-fed mice in response to the treatment with oat β-glucan, an anti-obesity agent, indicating that there was binding of bile acids by the oat β-glucan[@b31]. Based on the earlier reports indicating that hyperlipidemia is closely related to the onset and development of hepatic steatosis[@b3][@b32] and our current findings, it is conceivable that mSJH may have a protective effect against HS.

Previous *in vivo* and *in vitro* studies have shown that the hypolipidemic effect of herbal extracts can play a key role in preventing lipid-induced NASH[@b33]. Oxidative stress is also known to be a major contributing factor to the pathogenesis of NAFLD. Exposure of mitochondria to the excessive intracellular milieu of lipids facilitates the reduction of β-oxidation and accelerates the production of reactive oxygen species (ROS)[@b26][@b34]. ROS provokes lipid peroxidation followed by induction of the inflammatory response as well as activation of hepatic stellate cells, ultimately leading to fibrogenesis[@b35][@b36]. In keeping with a previous report[@b18], in our study, mSJH exhibited marked antioxidant properties in terms of its *in vitro* DPPH radical and ROS scavenging activities and ability to suppress the hepatic lipid oxidation in HFD-fed mice. Earlier *in vivo* and *in vitro* studies demonstrated that antioxidant properties of herbal extracts may play a significant role in protecting against lipid-induced NASH[@b37]. In particular, antioxidants are known to reduce ER stress[@b38] which is a characteristic feature of liver and adipose tissues of humans suffering from NAFLD and/or obesity[@b39]. Based on the above information, it is conceivable that because of its appreciable antioxidant activities, mSJH can combat fatty acids-induced ER stress in cells. Such an event has also been reflected in a study reporting that the extract of *Morus alba* leaf, the major constituent of SJH, attenuates ER stress and this effect is principally driven by its antioxidant activity[@b40].

Next we performed the analysis of expression of vital genes involved in lipoprotein signaling and cholesterol metabolism both *in vitro* and *in vivo* using PCR microarray and qRT-PCR, respectively. Heat map combined with the hierarchical clustering analysis of microarray data from cell-based studies showed that the clustering of these genes in the FFAs + mSJH-treated group was most relevant to that in the FFAs-induced group but farthest from that in the normal group. This signifies that the FFAs-treated and FFAs + mSJH-treated groups are closely related in terms of the gene expression profile. Therefore, it is conceivable that mSJH treatment has an effect on a limited number of genes in a FFAs-induced steatosis model. Indeed, in our analysis, among the 89 genes analyzed, only 14 genes showed higher (≧2 times) expression and 3 genes showed lower (≦0.5 times) expression in the FFAs + mSJH-treated group compared with the FFAs-induced group. Among the upregulated genes, 8 genes exhibited ≧2 times higher expression vs. FFAs + pravastatin group. Especially, the expression level of the leptin gene in FFAs + mSJH-treated group showed marked differences, compared to the FFAs-treated group (3 fold increase) and FFA + pravastatin group (19 fold increase). Based on these findings, it is conceivable that mSJH modulates the lipid metabolism genes differentially compared to pravastatin.

Our further *in vivo* studies using real-time PCR revealed the influence of mSJH on the lipid metabolism genes in the liver of HFD-fed mice, especially on the expression of genes related to cholesterol and fatty acid synthesis (decrease in FAS and ACC), fatty acid metabolism (increase in CPT1α and AMPKα), cholesterol transport (increase in LDLR, SR-B1, APOA, ABCA), and bile acid synthesis (increase in CYP7A1, CYP8B1, and CYP27A1). Activation of lipogenic genes including FAS and ACC are highly related to elevated triglycerides level; thus inhibition of these proteins is a potential therapeutic strategy for dyslipidemia[@b41][@b42]. Agonists for groups of genes related to β-oxidation of fatty acid including AMPKα and CPT1α are also regarded as hypolipidemic agents[@b43]. It has been found that CPT1 plays a protective role against fatty acid-induced adipocyte dysfunction suggesting that pharmacological activation of CPT1 might represent a promising strategy for the prevention and treatment of obesity related metabolic diseases[@b44]. In keeping with the gene expression data, our western blotting analyses also revealed that exposure of HFD-fed mice to mSJH increased the hepatic level of CPT1α protein. Furthermore, mSJH treatment, especially at lower dose induced the phosphorylation of hepatic ACC in HFD-fed mice, thereby causing inactivation of this enzyme[@b45]. Our western blotting analyses also exhibited that treatment of HFD-fed mice with mSJH markedly reduced the hepatic level of HMG-CoA reductase, a principal enzyme in cholesterol biosynthesis pathway and the main target of statins[@b46].

Reverse cholesterol transportation is a major factor in regulating and restoring lipid profiles in dyslipidemia. It has been found that upregulated gene expression of LDL receptor, SR-B1 and ABCA removes excessive cholesterol[@b47][@b48]. The current line of evidence indicates a significant role of the CYP family of proteins in lipid metabolism. By catalysis of the initial steps in various pathways of cholesterol degradation, CYP450 7A1, 27A1, 11A1, and 46A1 were found to play vital roles in the regulation of cholesterol homeostasis[@b49]. As a rate-limiting enzyme for production of bile acid, CYP7A1, CYP8B1 and CYP27A1 are core hepatic enzymes to be examined[@b28]. Among these enzymes, CYP7A1 initiates and regulates the rate-limiting step of cholesterol degradation and bile acid biosynthesis in the liver by converting cholesterol to 7α-hydroxycholesterol[@b50]. Our results on PCR array revealed that an exposure of FFAs-induced cells to mSJH increased the expression of CYP7A1 gene by 18%. This is also in keeping with our *in vivo* studies as stated above where treatment of HFD-fed mice with high dose of mSJH increased the gene expression of CYP7A1, CYP8B1, CYP27A1, significantly for the last two proteins. Based on these findings and the potential of CYP family for decreased lipid accumulation in animal models[@b51], it is conceivable that modulation of CYP family by mSJH might contribute to the beneficial effects of this herbal formulation observed in our study. More specifically, mSJH treatment may promote reverse cholesterol transport and eventually increased excretion of cholesterol in the form of bile acids via feces.

Our real-time PCR and western blotting analyses confirmed significantly elevated gene and protein expression levels of leptin in FFAs + mSJH-treated cells compared to FFAs-alone treated cells, in alignment with our findings in microarray study, suggesting that the effect of mSJH may be related to the leptin signaling pathway. Some emerging evidence, including that of Jeong *et al*.[@b52], has indicated that the regulation of leptin expression is one of the major factors in the prevention of obesity and associated lipid accumulation in the liver by Gyeongshingangjeehwan, a traditional Korean medicine[@b52]. Although leptin is synthesized primarily in the adipocyte tissues, a small quantity of this protein is also secreted from the hepatic tissues[@b53], carcinoma cell line (HepG2)[@b54], and stellate cells of liver during its progression to fibrosis and/or cirrhosis stages[@b55]. Lack of hepatic leptin signaling results in increased lipid accumulation in the liver enriched with larger and more triglyceride-rich VLDL particles, suggesting a vital role of hepatic leptin signaling in the regulation of triglyceride metabolism[@b15].

Activation of AMPK or ACC is subordinated by leptin signaling[@b9]. More specifically, leptin signaling activates AMPK through phosphorylation[@b56], thereby modulating a downstream signaling cascade that results in the inhibition of phosphorylation of SREBP1c[@b57], leading to the suppression of lipogenesis. In our study, a marked increase in the phosphorylation of AMPK along with the decreased intracellular lipid accumulation were observed in FFAs-treated cells in response to the exposure to mSJH, suggesting that the anti-lipogenic action of this herbal formulation is mediated through leptin-cell interaction. Moreover, treatment of the HFD-fed mice with both lower and higher doses of mSJH also significantly augmented the expression of hepatic AMPK-α gene. Induced AMPK is known to trigger phosphorylation and inhibition of ACC and thereby, prevents liponeogenesis[@b58]. Indeed, in our *in vitro* study a significant increase in the phosphorylation of ACC was observed in FFAs-treated cells in response to co-exposure to mSJH at 400 μg/ml concentration, in alignment with our *in vivo* findings as stated above. Inactivation of ACC by AMPK also facilitates fatty acid utilization, leading to fat burning in liver and muscle[@b58]. On the other hand, emerging evidence indicates the role of PPAR-γ in the onset and development of HS[@b59]. In mice, high fat diet-induced HS was found to be associated with elevated expression of PPAR-γ[@b60]. In another study, hepatic overexpression of PPAR-γ 1 in PPAR-α knockout (PPAR-α-KO) mice was shown to induce adipocyte-specific gene expression patterns in the livers of the animals[@b61]. Based on these findings, it was proposed that excess PPAR-γ activity can lead to the development of adipogenic hepatic steatosis[@b61]. In addition, liver-specific disruption of PPAR-γ in genetically obese mice was shown to prevent HS[@b62], suggesting that a decrease in hepatic PPAR-γ pool is therapeutically beneficial for HS. In our study, a significant decrease in PPAR-γ level was observed in FFAs-induced cells when co-treated with mSJH at 400 μg/ml, suggesting that downregulation of PPAR-γ may contribute to the protective effect of this herbal medicine against HS.

Leptin is also known to stimulate lipid oxidation, ultimately leading to a decrease in the intracellular level of TG[@b63]. In hepatic tissue, fatty acid oxidation is primarily regulated by the level of CPT1[@b64], which is mainly represented by CPT1α (the liver isoform). Using bovine aortic endothelial cells as a model, leptin was shown to induce CPT1α activity[@b65]. In our *in vitro* study, the protein expression of CPT1α was markedly elevated in FFAs-treated cells upon co-exposure to mSJH at 400 μg/ml concentration, in agreement with our *in vivo* findings as stated above, suggesting that this effect may be mediated through leptin. Accumulating evidence also indicates that like PPAR-γ, C/EBPα plays a vital role in hepatic lipid metabolism. Knockout of C/EBPα in ob/ob mice significantly reduced the TG level and attenuated the expression of lipogenic genes[@b66]. In addition, using mice fed a high-fat diet as a model, downregulation of expression of lipogenic genes including C/EBPα in the liver was shown to play an important role in attenuating HS[@b67]. In our study, the protein expression of C/EBPα was significantly reduced in FFAs-treated cells following co-exposure to mSJH at 200 and 400 μg/ml concentrations, further explaining the molecular basis of action of this formulation against liponeogenesis and HS.

A previous report has shown a rapid inhibition of leptin signaling by glucocorticoids both *in vitro* and *in vivo*[@b68]. In our study, we found that an exposure to dexamethasone not only crippled leptin signaling, but also decreased the leptin protein level in FFAs-treated cells. Furthermore, mSJH-induced expression of leptin as well as mSJH-triggered phosphorylation of AMPK in FFAs-treated cells were markedly inhibited upon co-treatment with dexamethasone. Taken all, it is conceivable that the HepG2 cells used as a model in our study can interact with self-secreted leptin and can be modulated through leptin signaling. Probably, mSJH acts through leptin signaling pathway to combat FFAs-induced hepatic steatosis.

The UPLC fingerprinting of mSJH demonstrated the appearance of peaks that tentatively represent potential active compounds derived from its principal ingredients including cyanidin-3-*O*-rutinoside, betaine, kukoamine A, atractylodin, and atractylenolide II. Among them, betaine is well known for its inhibitory effect on the onset and development of fatty liver[@b69]. To further confirm the bioactive properties of betaine, we examined the effect of this compound on the hepatic steatosis using FFAs-induced HepG2 *in vitro* cell model as mentioned above. Our results revealed that an exposure of FFAs-treated cells to mSJH at 400 μg/ml and 60 μM concentrations of betaine, which were non-toxic, significantly ameliorated lipid accumulation. Moreover, the western blotting data demonstrated increase in the levels of both CPT1α and phosphorylated AMPKα in FFAs-treated cells by 20 and 60 μM of betaine. As a modulator of energy metabolism, activation of AMPK by phosphorylation has therapeutic effects on fatty liver, insulin resistance, and hyperlipidemia[@b70][@b71][@b72]. It has been reported that betaine elevates level of phosphorylated AMPK and protects against non-alcoholic fatty liver (NAFL) *in vivo*[@b73].

In conclusion, the present study reveals that mSJH has an attenuating effect on hepatic steatosis both *in vitro* and *vivo* models. This beneficial effect of mSJH is likely to be mediated through increased expression of leptin that may trigger signaling cascades involved in lipid metabolism pathways. Our study also suggests that betaine significantly contributed to the beneficial effects of mSJH on leptin signaling.

Methods
=======

Herbal extraction and formulation preparation
---------------------------------------------

Dried forms of Mori Fructus \[Sangsimja in Traditional Korean Medicine (TKM)\], Atractylodis Rhizoma (Changchul in TKM), and Lycii Radicis Cortex (Jigolpi in TKM) were purchased from the Department of Medicine, Dongguk University International Hospital (Goyang, Republic of Korea). Extraction and preparation of the herbal formulation were performed according to our laboratory-optimized procedure with modifications. Briefly, these three herbs were ground separately into powder form which was then combined together (3:1:1, w/w, respectively). The resultant mixture was subjected to reflux extraction with 10 vol. of 30% ethanol for 1 h, followed by evaporation at 95 °C using a rotary evaporator system (Buchi, Flawil, Switzerland) The extract was filtered through a 0.2 μm syringe filter (Merck Millipore, Billerica, MA, USA) and concentrated by vacuum evaporation at 60 °C. The final product was stored at −20 °C prior to experimental use.

Cell Culture and Treatments
---------------------------

HepG2 cells (\#88065, Korea Cell Line Bank, Seoul, Republic of Korea) were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Gibco), and 100 U/mL penicillin and streptomycin (Gibco). Cells were grown in an incubator at 37 °C under a humidified environment of air containing 5% CO~2~. Cells were maintained consistently to approximately 70--80% confluence. For experimental purposes, cells were seeded at a density of 5 × 10^5^ or 1 × 10^5^ cells per well in 6- or 24-well plates, respectively. After 24 h of culturing, the medium was removed and replaced with fresh DMEM containing 1% BSA (Amresco, Cleveland, OH, USA). Hepatic steatosis-mimetic conditions were induced by treating the cells in 6- or 24-well plates for 24 h with a mixture of free fatty acids \[oleic acid: palmitic acid, (Sigma-Aldrich, St. Louis, MO, USA) 2:1, w/w\] dissolved in the culture media (the final lipid concentration was kept at 2 mM)[@b74]. Following this, the cells were washed with Dulbecco's phosphate-buffered saline (DPBS, Gibco), pH 7.4 and then fresh DMEM containing DPBS (normal) or different concentrations of mSJH, wherever applicable was added. The cells were incubated in this condition for 24 h (Western blot) or 48 h (ORO staining)prior to experimental use. For the evaluation of cytotoxicity of mSJH alone, the cells were processed identically as mentioned above except that they were not induced by FFAs.

Assessment of the *in vitro* hepatic steatosis model
----------------------------------------------------

### Determination of intracellular lipid accumulation by Oil Red O staining

After the completion of desired treatment schedule, HepG2 cells were washed with DPBS and then fixed with 10% formalin solution for 5 min at room temperature followed by gentle washing with 60% isopropanol and then stained with the working solution of Oil Red O (Sigma-Aldrich) in 60% isopropanol for 15 min. The stained hepatocytes were washed with distilled water several times for removal of unincorporated dye. Cells were examined under an inverted microscope (DMI 6000, Leica, Jena, Germany) and the images were captured. The intracellular stains were re-dissolved in 100% isopropanol for 10 min, and the resultant solutions were transferred to a 96-well plate for measurement of absorbance at 520 nm using a microplate reader (VersaMax, Molecular Devices, CA, USA).

### Measurement of intracellular triglyceride and total cholesterol

Following the desired treatments, cells were washed with DPBS, scraped and transferred into tubes and then centrifuged at 3000 rpm for 5 min. The resultant cell pellets were washed and dissolved in radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher scientific, Waltham, MA, USA). The amounts of TG and TC were measured using a Triglyceride and total cholesterol assay kit (Asan pharmacology, Seoul, Republic of Korea) and normalized with the cellular content of protein as determined using a BCA protein assay kit (Thermo Fisher Scientific).

Animals
-------

Thirty two, 4-weeks old C57BL/6 J mice were purchased from Koatech (Pyeongtaek, Gyeonggi-do, Republic of Korea). Mice were randomly distributed into eight cages (four animals per cage) and housed under 12 h light/dark cycle, constant temperature (25 °C) and humidity (50--60%). They were provided with standard AIN93G rodent diet and access to water *ad libitum* and were acclimatized in this condition for one week. The animals were then divided randomly into four groups. Normal diet group: fed AIN93G diet (ND, n = 8); high-fat diet group (HFD, n = 8), high-fat diet + lower dose mSJH group (LD, n = 8), and high fat diet + higher dose mSJH group (HD, n = 8): fed 60% high-fat diet with or without the specified mSJH treatments for 10 weeks. All diets were purchased from Saeronbio (Uiwang, Gyeonggi-do, Republic of Korea). The mSJH was dissolved in distilled water and administered orally using gavage at a dose of 100 mg/kg/day in case of LD or 600 mg/kg/day in case of HD groups for 10 weeks. Same volume of distilled water without mSJH was administered to the animals of ND and HFD groups. Following the completion of experimental schedule, all mice were starved for 12 h and then sacrificed under anesthesia induced with zoletil (Virbac, Fort Worth, TX, USA). Liver, fat tissues, and kidney were excised immediately, washed in ice-cold PBS, pH 7.4, dried, weighed and stored at − 80 C° until used. A portion of the liver tissue was preserved in 10% neutral buffered formaldehyde for further histological analyses. Small quantities of tissues were also kept separately in Invitrogen™ RNA*later*™ stabilization solution (Thermo Fisher Scientific) and then stored at − 80 °C for future RNA isolation. Following the collection of blood samples, sera were separated by centrifugation at 3000 rpm for 20 min. The fecal samples were collected weekly in individual tubes and stored at − 80 C° until analyzed. The animal experiment was performed according to the international guidelines (Guide for the Care and Use of Laboratory Animals, Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research Council, USA; National Academy Press: Washington D.C., 1996). The design and protocols for the animal experiment were approved by the Institutional Animal Ethical Committee of Dongguk University (No. 201411115) prior to the study.

Histology
---------

For histological analyses, portions of the formaldehyde-preserved liver tissues were embedded in FSC 22 ^®^ frozen section media (Leica, Richmond, IL, USA) at −15 °C for Oil Red O (ORO) staining and at −25 °C for hematoxylin & eosin (H&E) staining. Tissues were then sectioned at 5 μm thickness using a CM1860 cryostat (Leica Biosystems, Nussloch GmbH, Germany). Sections were fixed in 10% formalin solution and then stained with ORO (Sigma-Aldrich) for 30 min or with H&E stain (Sigma-Aldrich) for 3 min. The ORO-stained sections were counterstained with hematoxylin for three dips. Finally, the stained sections were observed at 200X magnification under a Leica DMI 6000 B fully automated inverted microscope equipped with a Leica DFC480 camera (Leica Microsystems GmbH, Wetzlar, Germany).

Serum analyses
--------------

Serum HDL, triglycerides (TG), and total cholesterol (TC) levels were measured using commercial colorimetric kits (Asan pharmacology) following the kit manufacturer's instructions. Serum hepatic enzyme activity was determined using glutamic oxaloacetic transaminase/glutamic pyruvic transaminase (GOT/GPT) test kit (Asan pharmacology) as per the kit manufacturer's protocol.

Analyses of hepatic lipid (TG, TC) contents and lipid peroxidation (MDA)
------------------------------------------------------------------------

After washing with ice-cold DPBS, the liver tissues were homogenized in DPBS on ice using an Vibra-Cell™ ultrasonic liquid processor (Sonics & Materials, Newtown, CT, USA). The tissue homogenate was centrifuged at 12000 rpm for 5 min at 4 °C and the resultant supernatant was separated and used as the sample. The TG and TC contents of the samples were measured using commercial kits (Asan pharmacology). For the determination MDA as an indicator of lipid peroxidation, the sample was mixed with 2-thiobarbituric acid (TBA) (Sigma) at a final concentration of 8.1% (w/v). The mixture was incubated at 95 °C for 1 h to allow the formation of red-colored TBA-chromogen. The reaction was then stopped by cooling, following which 1 ml of distilled water was added. Subsequently, 5 ml of a mixture of pyridine and 1-butanol (Sigma-Aldrich) (1: 15, v/v) was added to the reactants, vortexed thoroughly and then centrifuged at 3000 rpm for 30 min. The supernatant was transferred to a multi-well plate and absorbance was read at 532 nm on a microplate reader (VersaMax, Molecular Devices). The same volume of distilled water was used as blank and 1,1,3,3-tetraethoxy propane (Sigma-Aldrich) at various concentrations served as the standard.

Determination of fecal lipid content
------------------------------------

Fecal lipid content was measured following the Folch's method[@b75] with slight modification. Briefly, after collection, fecal samples (100--200 mg) were freeze-dried for 48 h. After weighing, 1 ml of distilled water was added to the dried feces, mixed thoroughly and then homogenized. To the homogenate, 4 ml of chloroform and 2 ml of methanol were added and mixed thoroughly. The mixture was incubated at RT for 48 h. The bottom fraction containing the fecal lipids was isolated, completely dried and eventually suspended in 2-isopropanol. The supernatant portion of the suspension was subjected to TG and TC analyses using commercial kits (Asan pharmacology).

Analysis of fecal bile acid content
-----------------------------------

Dried feces in powder form were mixed with sodium borohydride solution at a final concentration of 2 mg/ml. To this, 2 N HCl and 10 N NaOH were added for saponification of the bile acid. After heating at 120 °C for 12 h, samples were filtered and dried completely and eventually eluted with pure water. Eluted bile acid was applied to Bond Elut C18 cartridges (Agilent Technologies, Santa Clara, CA, USA) pre-washed with 100% methanol. The cartridges were washed with 20% methanol and finally the samples were eluted with 100% methanol. Eluted bile acid was extracted by drying at 60 °C for 48 h and subsequently re-eluted. The concentration of the bile acid was determined using a commercial bile acid kit (Crystal Chem, Downers Grove, IL, USA) according to the instructions provided by the manufacturer of the kit.

Oral glucose tolerance test (OGTT)
----------------------------------

One week prior to sacrifice, the mice were subjected to oral glucose tolerance test. The OGTT was conducted on the animals fasted overnight (12 h) by oral administration of glucose (prepared in autoclaved distilled water) at a dose of 1.5 g/Kg body weight. Blood collected from the tail vein was used as the sample. Blood glucose levels were measured at five different time points (0, 30, 60, 90, and 120 min) using a glucose meter (ACCU-CHEK, Roche Applied Science, Basel, Switzerland).

Quantitative real-time PCR
--------------------------

Following desired treatments, total RNA was extracted from HepG2 cells using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) according to the reagent manufacturer's instructions. While, mice liver tissues stored in RNA*later*™ stabilization solution was shortly homogenized followed by extraction of total RNA using TRIZOL reagent (Invitrogen). The RNA samples were quantified and their integrity was determined by measuring of ODs at 260 and 280 nm. The extracted RNA was transcribed using an AccuPower^®^ RT PreMix kit (Bioneer, Daejeon, Republic of Korea) and oligo dt primers (Invitrogen) according to the kit manufacturer's protocol in a final volume of 20 μl. The real-time PCR amplification reaction was performed using a LightCycler instrument and LightCycler^®^ FastStart DNA Master SYBR Green kit (Roche Applied Science, Indianapolis, ID, USA), and the listed primers ([Table S1](#S1){ref-type="supplementary-material"}). The reaction was performed following the product manual of the kit manufacturer in a total reaction volume of 20 μl containing PCR mix, 1 μg of cDNA, and gene-specific primers (10 pmol for each). The relative gene expression of the selected proteins was calculated as 2^−ΔCt^ using β-actin as a housekeeping gene for normalization, where C~t~ represents the crossing threshold value and ΔC~t~ = C~t\ (leptin\ gene)~ − C~t\ (β-actin\ gene)~.

Gene expression profiling by PCR array
--------------------------------------

After desired treatments of HepG2 cells, total cellular RNA was extracted and reverse-transcribed using a similar method as described above for quantitative real-time PCR. Expression of genes involved in lipid metabolism and cholesterol was studied by PCR array using a 96-well Human Lipoprotein Signaling & Cholesterol Metabolism RT^2^Profiler PCR Array Kit (Qiagen, Hilden, Germany) and LightCycler 480 PCR system (Roche, Basel, Switzerland) according to the kit manufacturer's protocol.

Western blotting
----------------

HepG2 cells were washed with ice-cold DPBS and lysed using RIPA buffer containing protease and phosphatase inhibitor cocktail (Roche Diagnostics, Basel, Switzerland) on ice for 30 min. While after washing with ice-cold DPBS, mice liver tissues were homogenized in DPBS containing protease and phosphatase inhibitor cocktail (Roche Diagnostics) on ice using an Vibra-Cell™ ultrasonic liquid processor (Sonics & Materials). The cell lysates and tissue homogenates were centrifuged at 14,000 rpm for 30 min at 4 °C to remove the insoluble materials and the resultant supernatants were stored at −80 °C until further use. The protein content of the supernatants was determined using a BCA protein assay kit (Thermo Fisher Scientific). The samples were subjected to denaturation at 100 °C in Laemmli sample buffer (BioRad, Hercules, CA, USA) containing 5% β-mercaptoethanol. Forty microgram of protein was resolved in SDS-PAGE gel and transferred to a PVDF membrane (GE Healthcare UK Ltd., Buckinghamshire, UK) using a Mini Trans-Blot^®^ Electrophoretic Transfer Cell device (BioRad). Membranes were blocked with Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBST) and 5% non-fat dried milk (BD Falcon, Sparks, MD, USA) for 60 min and then incubated overnight with anti-phospho-AMPK (Thr 172), anti-phospho ACC (Ser 79), anti-SREBP1c, anti-CPT1α, anti-PPAR-γ, anti-C/EBPα (Cell Signaling Technology, Danvers, MA, USA), anti-leptin (Santa cruez, Dallas, TX, USA), and anti-HMG-CoAR (Abcam, Cambridge, UK) antibodies (1:1000 dilution in TBST containing 3% skim milk or BSA) at 4 °C. After thorough washing with TBST, the membranes were incubated for 90 min with the appropriate horseradish peroxidase-conjugated anti-IgG secondary antibodies (Cell Signaling Technology) (1:2000 dilution in TBST containing 1% skim milk) and the immunoreactive bands were detected on a Las3000 imaging system (Fujifilm, Tokyo, Japan) using Supex ECL reagent (Neuronex, Seoul, Republic of Korea). The membranes were then stripped in a buffer \[62.5 mM Tris--HCl (pH 6.7) containing 2% SDS and 100 mM β-mercaptoethanol\] and reprobed with anti-AMPK and anti-ACC antibodies, wherever applicable and processed identically as mentioned above. Finally, all the membranes were reprobed with β-actin in a similar way using an anti-β-actin antibody (Cell Signaling Technology).

Studies on dexamethasone-mediated inhibition of leptin signaling
----------------------------------------------------------------

We opted dexamethasone as a leptin signaling inhibitor[@b68] in order to understand the probable underlying molecular mechanism(s) of mSJH-induced action of leptin against hepatic steatosis. After 24 h of treatment with 2 mM FFAs to induce HS as stated above, HepG2 cells were washed and fresh media was added. Dexamethasone (Sigma-Aldrich) dissolved in sterile DPBS was added to the media at a final concentration of 100 μM at different intervals (0, 1, 3, 6, 12, and 24 h) to examine the impact of this compound on the time-dependent expression of leptin in FFAs-treated cells. In other experiments, the FFAs-induced cells were exposed to 100 nM dexamethasone for 30 min followed by the treatment with mSJH at 0, 200, 400 μg/ml concentrations for 12 h (Western blot) or 24 h (ORO staining). The cells were then subjected to Western blotting or Oil Red O staining.

Statistical analysis
--------------------

The data are expressed as mean ± standard deviation (SD) from at least three independent determinations. All data were subjected to statistical analysis using the Statistical Package for Social Science (SPSS) software program (version 10.0; SPSS, Chicago, IL, USA). A one-way ANOVA, followed by Bonferroni's post hoc analysis, was carried out to determine the statistical significance. The differences were considered statistically significant at p \< 0.05. Correlation heatmap analysis and interpretation of data derived from Lipoprotein Signaling & Cholesterol Metabolism PCR array were performed using RT[@b2] Profiler PCR Array Data Analysis software version 3.5 (Qiagen).
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![Microscopic images showing the effect of mSJH on the intracellular lipid accumulation in FFAs-treated HepG2 cells in terms of their Oil Red O staining (**A**). The cells were uninduced (a), FFAs-induced (b), or exposed to FFAs in combination with 400 μg/ml mSJH (c). Major droplets of intracellular lipids are indicated by arrows. Spectrophotometric-based quantitative measurement of the Oil Red O staining of cells subjected to different experimental conditions is shown (**B**). Evaluation of the effect of mSJH on the intracellular levels of TG (**C**) and TC (**D**) in FFAs-induced hepatic steatosis model of HepG2 cells. Data are expressed as mean ± SD (n = 3). ^\#^p \< 0.05 vs normal and \*p \< 0.05 vs FFAs treatment.](srep45425-f1){#f1}

![Impact of mSJH on the expression profile of genes related with lipoprotein signaling and cholesterol metabolism in FFAs-induced hepatic steatosis model of HepG2 cells as determined by PCR array.\
The bar diagram denotes the level of expression of genes of normal, FFAs + mSJH and FFAs + pravastatin-treated cells normalized with that of FFAs-treated cells (log~2~x) (**A**). The figure represents only those genes that exhibit marked differences in their expression among the experimental groups. Heatmap of PCR array data representing clustering of expressed genes (**B**); 1-Normal, 2-FFAs-induced, 3-FFAs + mSJH treated and 4 -FFAs + pravastatin treated.](srep45425-f2){#f2}

![Western blot analysis showing the impact of mSJH on the phosphorylation of AMPKα (**A**) and ACC (**B**) in FFAs-induced HepG2 cells. Representative blots from at least three individual studies are depicted (left panel). The density of the bands in blots was measured and normalized to the quantity of non-phosphorylated form of AMPK or ACC (right panel). Data are expressed as mean ± SD (n = 3). Western blot analysis showing the effect of mSJH on the expression of SREBP1c, CPT1α, PPAR-γ, and C/EBPα proteins in FFAs-treated HepG2 cells (**C**). Representative blots from at least three individual studies are depicted (left panel). The density of the bands in blots was measured and normalized to the quantity of β-actin (right panel). Data are expressed as mean ± SD (n = 3). ^\#^p \< 0.05 vs normal and \*p \< 0.05 vs FFAs treatment.](srep45425-f3){#f3}

![Quantitative real-time PCR and Western blot analyses showing the impact of mSJH on the gene and protein expression of leptin in FFAs-induced HepG2 cells (**A**--**C**). Representative blot from at least three individual western blot studies is depicted (**A**). The density of the bands in blots was measured and normalized to the quantity of β-actin (**B**). The gene expression of leptin in relation to that of β-actin is shown (**C**). Effect of impairment of leptin signaling on the mSJH-mediated inhibition of intracellular lipid accumulation in FFAs-treated HepG2 cells (**D**). Data are expressed as mean ± SD (n = 3). ^\#^p \< 0.05 vs normal and \*p \< 0.05 vs FFAs treatment.](srep45425-f4){#f4}

![Effect of mSJH treatment on the body weight changes, food efficiency ratio, and liver and fat tissue weights in mice fed high-fat diet (**A**). Impact of mSJH treatment on the hepatic lipid profile (**B**,**C**) and oxidized lipid content (**D**), and serum GOT (**E**) and GPT (**F**) levels in mice fed high-fat diet. Data are expressed as Mean ± SD (n = 8). ^\#^p \< 0.05 vs ND group and \*p \< 0.05 vs HFD group.](srep45425-f5){#f5}

![Effect of mSJH treatment on the serum TC, TG, and high-density lipoprotein levels in mice fed high-fat diet (**A**--**C**, respectively). Impact of mSJH on the blood glucose level in OGTT at the indicated time-intervals after high-glucose load in mice fed high-fat diet (**D**). Effect of mSJH on the fecal bile acid, TG, TC levels in mice fed high-fat diet E, F and G, respectively). Data are expressed as Mean ± SD (n = 8). ^\#^p \< 0.05 vs ND group and \*p \< 0.05 vs HFD group.](srep45425-f6){#f6}

![Effect of lower and higher doses of mSJH (LD and HD, respectively) on the liver histology of mice fed high-fat diet.\
The images of hematoxylin-eosin (H&E)- and Oil Red O-stained tissue sections of liver (**A** and **B**, respectively) were captured by microscopy at 200X magnification. The nearby area of central vein in the images is projected (arrow head).](srep45425-f7){#f7}

![Quantitative real-time PCR showing the impact of lower and higher doses of mSJH (LD and HD, respectively) on the hepatic expression of genes involved in cholesterol and fatty acid synthesis (**A**), fatty acid metabolism (**B**), cholesterol transport (**C**), and bile acid synthesis (**D**) in mice fed high-fat diet. The gene expression of a reference protein was normalized to that of β-actin. Data are expressed as Mean ± SD (n = 8). ^\#^p \< 0.05 vs ND group and \*p \< 0.05 vs HFD group.](srep45425-f8){#f8}
